This paper describes conduction processes in thick film resistors made from M/square and 10 M/square pastes.
and it is envisaged that electrons hop between sites at almost constant energy (process 1). Provided the average site separation, a, remains small, the hopping process would predominate over thermal ionisation and band conduction (process 2).
The model proposed to describe the conduction process is based on the concept that a proportion of the conducting phase in the thick film is randomly dispersed through the glass phase on an atomic scale. It may therefore form a narrow impurity band a few meV wide within the wide forbidden gap of the glass. 4 Carrier transport would then occur by a process which involves absorption of lattice energy (phonons) and tunnelling between adjacent impurity sites at almost equal energy levels. The rate of charge transport is therefore relatively insensitive to temperature but very dependent on mean separation between impurity sites and the average field across the sample, i.e. the ol term in Eq. 1. This is confirmed by measurements carried out on a 1 M2/square resistor film from the same composition family as that shown in Figure 2 . Here AE 0.9 meV, indicating a slightly narrower impurity band but the increase in conductivity is almost entirely due to an increase in o l.
A reduction in activation energy at low temperature is a common feature of impurity band conduction processes. It may be due to a transition from carrier hopping between nearest neighbours to a variable range hopping process which is even more weakly temperature dependent. An additional factor which may also contribute to the "taft" in Figure 2 is that at low temperatures, phonon energy is reduced and thus carrier activation by phonon absorption is diminished.
HIGH FIELD CONDUCTION
Deviations from ideal ohmic behaviour are present in all high value thick film resistors when high fields are applied. Since VCR is negative and TCR is also negative for these compositions, some care must be taken to ensure that a reduction in resistance does not arise from self-heating within the resistor.
There are several mechanisms which may give nonohmic behaviour in an amorphous semiconductor. If hopping is between nearest neighbours, then a is a measure of the impurity density in the glass, N.
Alternatively, the impurity density may be expressed in ppm (N1). Although the derived figures for impurity density must be very approximate, they do show that concentration does not scale with resistivity and the atoms of the conducting phase which participate in impurity band conduction in the glass are only a small proportion of the total concentration of active phase in the resistor.
DISCUSSION
The model which may be used to describe the results of Figures 2 and 4 Figure 3) .
It is more difficult to predict the value of sheet resistance at which this change in conduction mechanism will occur. However, there are two reasons for thinking that 10 M2/square may be near the limit:
i) The average jump distance, a 19 nm and tunnelling decreases very rapidly for distances above 7 10 nm.
ii) If the impurity density, N, is confined to a band 5 meV wide, it represents a density of states, Nf 2.10 m-3 eV-at the Fermi level (in the impurity band). This is approximately the value for the density of states at the bottom of the conduction band in a semiconductor. Any reduction below this value for Nf implies that a conduction band state no longer exists and it will be superceded by a typical high TCR, high VCR semiconductor conduction process. The best long-term options for production of high value thick film resistors may therefore lie in producing long tracks within a small area rathern than developing ever-higher values of sheet resistance.
